Recently, externally bonded patch plates have been widely used for the repair or strengthening of steel members due to their ease of application. When the traffic loads are applied on the steel members strengthened with patch plates, shear and normal stresses are introduced to the adhesive layer especially in the vicinity of the patch plate end. Due to the higher shear and normal stresses at the end of the patch plate, the debonding of the patch plate from the steel member could occur before the yielding of steel member or patch plate. To prevent debonding of the patch plate, the shear and normal stresses in adhesive have been studied using theoretical, numerical, and Finite Element analyses. Meanwhile, the failure criterion for debonding has not been clarified. In this study, to develop the verification method for debonding, some failure criteria were compared. The compatibility of each failure criterion was validated from the debonding test.
INTRODUCTION
Recently, retrofitting steel members with externally bonded patch plate has been widely reported 1)-3) . Although bonded patch plate can easily improve stiffness and strength, debonding of the patch plate before yielding of the steel member has been observed 4) . When the traffic loads are applied on the steel members strengthened with patch plates, shear and normal stresses occur in the adhesive layer. The shear and normal stresses in adhesive have been clarified by theoretical, numerical, and Finite Element (FE) analyses 5)- 7) . According to the analyses, the shear and normal stresses are concentrated at the end of patch plate. Meanwhile, some failure criteria for debonding, which consist of the shear and/or normal stresses at the end of the patch plate, have been proposed.
In some guidelines for strengthening steel members with carbon fiber-reinforced polymer (CFRP) plates, the principal stress criterion is employed to previously verify the debonding 8)-10) . The energy release rate (ERR) criterion, which is based on fracture mechanics, is also employed in the guidelines 8) . Other ways to verify the debonding, namely, verification of shear stress in adhesive 11) , and combined shear and normal stresses are proposed 12), 13) . However, the compatibility of each criterion for debonding has not been studied.
In this study, the failure criteria for debonding of the patch plate were compared and characterized. Furthermore, debonding tests of the steel member with bonded patch plate were conducted. The com-patibility of each failure criterion for debonding is mentioned.
SHEAR AND NORMAL STRESSES IN ADHESIVE LAYERS
The shear and normal stresses in adhesive have been studied by theoretical, numerical, and Finite Element analyses 5)-7),14), 15) . The theoretical and numerical analyses enable us to easily obtain shear and normal stresses for any dimension and material properties of steel member, patch plate, and adhesive. By contrast, the FE analysis often needs much time to make the analysis model for parametric study and thin adhesive layer.
In this chapter, theoretical and numerical calculations of shear and normal stresses in adhesive are introduced.
(1) Theoretical solution of shear and normal stress in adhesive From the equilibrium of forces and moment balance in a differential segment of the steel member strengthened with patch plate, as shown in Fig.1 , the differential equations of axial and shear forces in the steel member have been derived 5)-7) . Theoretical shear and normal stresses in adhesive are given by solving the differential equations. In particular, the maximum shear and normal stresses usually appear at the end of the patch plate. When a sufficiently long patch plate is bonded, the shear and normal stresses at the ends of patch plate converge to 16 Q is the shear force introduced at the end of the patch plate; q is the uniformly distributed load (UDL); and the correction factor κ is 1 for the left end of the patch plate and -1 for the right end of the patch plate.
According to Eqs. (1) and (2), the equations of convergent shear and normal stresses at the end of the patch plate are simply expressed as the functions of cross-sectional forces at the left or right end of the patch plate.
(2) High-accuracy solution of shear and normal stress in adhesive In deriving the theoretical shear and normal stresses in adhesive, as mentioned above, the shear b dx Fig.1 A differential segment of strengthened steel member with patch plate.
and normal stresses are separately obtained from the differential equations of axial and shear forces in steel member, respectively 5)-7), 16) . In fact, the sixth-order differential equation of shear force in the steel member should be solved to give high-accuracy solution of shear and normal stresses. However, solving the sixth-order differential equation of shear force in the steel member is quite complicated.
Instead, the simultaneous differential equation of strain in steel member, patch plate, and adhesive are numerically solved by means of eigenvalue analysis 14) , 15) . The simultaneous differential equation is expressed as 
FAILURE CRITERIA FOR DEBONDING AND FAILURE ENVELOPES
In this chapter, the failure criteria for debonding are introduced. Furthermore, the failure envelopes based on each criterion are characterized.
(1) Maximum shear stress criterion
Since the shear stress in adhesive largely contributes to the debonding of the patch plate, the shear stress in adhesive has been used to verify the debonding of the patch plate 11) . The shear stress at the end of the patch plate, e τ , is compared with the critical shear stress of adhesive, cr τ . The verification based on the maximum shear stress criterion is expressed as cr e τ τ < (21) According to Eq.(21), the patch plate is peeled off from the steel member when the maximum shear stress exceeds the critical shear stress of adhesive.
(2) Coulomb's yield criterion
When the steel member strengthened with patch plate is subjected to bending, both shear and normal stresses at the end of the patch plate, e τ and ye σ , become high. Thus, some failure criteria consisting of shear and normal stresses are proposed. The Coulomb's yield criterion is considered as a failure criterion with shear and normal stress. According to the Coulomb's yield criterion, positive or negative frictional stress due to normal stress in adhesive contributes to the resistance to shear stress. The verification based on the Coulomb's yield criterion is expressed as The failure envelope based on the Coulomb's yield criterion has a linear relation between shear and normal stress, while the maximum shear stress criterion does not depend on the normal stress, as shown in Fig.2 
pcr σ is the critical principal stress of adhesive.
According to Eq.(23), the principal stress in adhesive decreases when the normal stress is compressive as shown in Fig.3 .
The Mohr's stress circles with the same maximum principal stress ) ( Note that the diameter of each circle implies the magnitude of applied load. The diameter of the circle becomes large in the negative region of normal stress. According to the principal stress criterion, the debonding of the patch plate occurs at a higher load level when the normal stress in adhesive is compressive region.
(4) Von-Mises stress criterion
The von-Mises stress is widely employed as design verification for the yielding condition of steel members. The von-Mises stress criterion comes from the shear strain energy of the material. The von-Mises stress calculated by shear and normal stress in adhesive is compared with its critical value. In calculating the von-Mises stress, as described in Eq.(26), both shear and normal stress are squared. Thus, the von-Mises stress in adhesive depends on the absolute value of the shear and normal stress in adhesive, regardless of whether shear and normal stresses are positive or negative.
The failure envelope based on the von-Mises stress takes the form of an ellipse as shown in three times higher than the minor axis. According to the von-Mises stress criterion, the patch plate is easily peeled off when the shear stress in the adhesive is dominant.
(5) Energy release rate (ERR) criterion
For brittle materials such as glass and ceramics, the ERR criterion is often adopted. The ERR criterion is also employed to verify the debonding of the patch plate 8) . In the guideline for strengthening of steel member with bonded patch plate, the verification based on the ERR criterion is expressed as c G G < (27) where
G is the fracture toughness of adhesive and v I is the moment of inertia of the strengthened section.
Since the fracture mode of debonding, mode-I and mode-II, are not taken account in Eq. (28), an improved equation of ERR for debonding has been proposed as 17) follows:
The mode-I ERR, I G , becomes zero when the normal stress in the adhesive is compressive.
According to Eqs.(27), and (29) to (31), the failure envelopes in the negative region is different from its positive region as shown in Fig.7 . When the compressive normal stress occurs in adhesive, the debonding is determined only from the maximum shear stress in adhesive.
(6) Combined shear and normal stresses criterion
As a verification consisting of shear and normal stress in adhesive, the combined shear and normal stresses criterion has been proposed as Similar to the failure envelope based on the von-Mises stress criterion, the failure envelope based on the combined shear and normal stresses criterion is elliptical. The major and minor axes of the failure envelope change with the critical shear and normal stresses.
According to Hashin's failure criterion proposed for the fracture of the fiber-reinforced materials 18) , the critical normal stress in compression is different from that in tension. Hashin's failure criterion in the compression region of normal stress is expressed as 
DEBONDING TEST OF STEEL MEM-BER WITH BONDED PATCH PLATE
To verify the applicability of failure envelopes mentioned in Chapter 3, the bending tests of the steel member strengthened with the patch plate were conducted.
(1) Test method Figure 9 shows the test setup. The patch plates were bonded onto the lower or upper surface of the steel plate with two component epoxy resin. One end of the steel plate was fixed to a rigid frame and a concentrated load was applied on the other end by using a mechanical jack. The strain gauges were placed at the center of the steel plate and patch plate and at the distance of 5mm and 20mm from the end of the patch plate where longitudinal variation of stress was large, as illustrated in Fig.9 . The strain gage at 5mm from the patch plate end was used to detect when debonding occurs from the right end of the patch plate. To check the yielding of the steel plate, the strain in the unstrengthened section was also measured. Since the material properties of adhesive depends on the temperature condition, all specimens were tested in a temperature-controlled room with a temperature of C 20°.
(2) Specimens and Materials
Before bonding the patch plate, surfaces of the steel and patch plate were roughened using sand paper of #100 grit, and stains were removed. The adhesive was applied both onto the steel and patch plate. After placing the patch plate on the prescribed position, the patch plate was pressed to ensure a thin adhesive layer. The specimens were cured at C 20° for 24 hours. After that, to accelerate curing of the adhesive, the specimens were placed in the electric oven for 12 hours where the temperature was controlled at C 35°. All specimens were tested within 12 hours after curing.
Steel base plates all had thickness of 11.6mm, width of 90mm, and elastic modulus of 221.0GPa. For patch plates, the thicknesses ranged from 4.45mm to the same thickness as the base plate and the widths ranged from 25mm to the same width as the base plate. The dimensions and material properties used in this study are listed in Table 1 . An epoxy resin was used as adhesive. The material properties of adhesive are also listed in Table 1 . The elastic and shear modulus of the adhesive were obtained from JIS K 7113. After the test, the thickness of the adhesive adhered on the surface of steel and patch plate were measured by the film thickness meter. The adhesive thicknesses of specimens ranged from 0.16 to 0.46mm and the average was 0.27mm. The specimens are all listed in Table 2 . Adhesive thicknesses of each specimen are also listed in Table  2 . In this table, the label 'T' denotes the specimens with the patch plate in its bending-tension side and the label 'C' denotes the specimens with the patch plate in its bending-compression side. The middle and last number of specimen indicate the width and thickness of the patch plate adhered, respectively.
TEST RESULTS (1) Strain in steel member and patch plate
The strain distributions of the steel plate and patch plate corresponding to 0.298kN under which the base plate and patch plate are completely elastic are shown in Figs.10 Although almost all experimental strains agree with numerically calculated strain distributions, a major difference between experimental strain and composite theory is found in the vicinity of the plate end. The strain at the distance of 5mm from the end of the patch plate is notably small.
The relations between applied load and strain at the distance of 5mm from the end of patch plate are shown in Figs.12 and 13. Dashed lines indicate the relation between applied load and strain of the patch plate based on the composite theory as calculated from Eq.(37) with x=245mm. As mentioned in Fig.11 , the measured strain of the patch plate is obviously lower than the calculated strain during the test. The measured strain of the patch plate linearly increases with the increase in applied load. When the applied load becomes large, the relation between applied load and strain of patch plate shows non-linearity. Partial debonding or micro crack in the adhesive layer could occur while the strain of patch plate is released. Additionally, any gap cannot obviously be seen in the bond line by visual inspection. In this study, therefore, the applied load at which the maximum strain of patch plate is recorded is defined as the debonding load d P . For all specimens, the maximum strain at 5mm from the end of patch plate appears less than the yield load of steel plate. From the debonding load, the strain of patch plate at 5mm from its end reduces to zero due to the propagation of such failure in adhesive. Finally, the debonding crack was observed in the vicinity of patch plate end, except for the specimens strengthened in their compression side. After the test, the patch plate bonded onto the tension side of specimen was peeled off. The debonding surface of T specimen is shown in AP-PENDIX B.
(2) Debonding load
The debonding loads of all specimens, which are the applied load when the maximum strain of patch plate at 5mm from its end is recorded, are listed in Table 2 . Comparing specimens with patch plate of 12mm thickness, the debonding loads of T-90-12 are higher than T-50-12. Similarly, the debonding loads of T-50-12 are higher than T-25-12. The difference in debonding loads is easily expected from the difference in their bond width. Comparing specimens with patch plate of the same bond width, P50-12 and P50-4.5 or P25-12 and P25-6, the specimen with thinner patch plate results in higher debonding load; that is, the debonding load becomes lower when the narrower and/or thicker patch plate is used.
Comparing the specimens strengthened in the tension side and compression side, T-25-12 and C-25-12 or T-25-6 and C-25-6, the debonding loads of the specimens strengthened in the compression side are notably higher than the specimen strengthened in the tension side.
(3) Shear and normal stress in adhesive
Convergent shear and normal stresses at the end of patch plate calculated by substituting debonding load d P into Eqs. (1) and (2) are listed in Table 2 . The convergent shear stresses vary widely among all test results.
High-accuracy shear and normal stresses calculated by Eq. (18) , are also listed in Table 2 . When the patch plate has the same dimension as the steel plate, T-90-12, the convergent shear and normal stresses in adhesive are equal to high-accuracy shear and normal stresses. For the other specimens, which have narrower and/or thinner patch plate than steel plate, the convergent shear stresses are higher than high-accuracy shear stresses. The ratios between convergent and high-accuracy shear stresses range from 1 to 1.38.
The difference between convergent and high-accuracy shear stress is caused by an approximate condition provided in a calculation of convergent shear stress. To obtain the horizontal displacements simply, the vertical deformation of adhesive is ignored in the derivation of convergent shear stress 16) . The assumption results in larger shear stress than high-accuracy solution, which takes into account the vertical deformation of adhesive.
Convergent normal stress is also higher than that given by the high-accuracy solution because the convergent normal stress is derived by using shear stress provided under approximate condition. However, the ratios between them in normal stress are smaller than that in shear stress. The highest ratio between convergent and high-accuracy normal stress is only about 1.10.
For this test configuration, the normal stress in adhesive is higher than the shear stress. The ratios between high-accuracy shear and normal stress τ σ y range from 1.30 to 2.12 depending on the dimension of patch plate and the thickness of adhesive layer. In particular, higher shear-to-normal stress ratios are found in specimens with narrower and/or thicker patch plate. 13 Relationship between load and strain at 5mm from the end of patch plate for C specimens.
COMPATIBILITY OF FAILURE EN-VELOPES WITH TEST RESULTS
In this chapter, the compatibilities of the failure criteria mentioned in Chapter 3 are statistically compared with the test results.
(1) Maximum shear stress criterion
The test results of high-accuracy shear and normal stresses when debonding occurs are plotted in Fig.14 . The test results of T and C specimens are respectively plotted in the positive and negative region of normal stress.
The failure envelopes corresponding to the maximum, mean, and minimum shear stress of test results are also described in Fig.14 . The test results of shear stresses are scattered vertically ranging from 21.8 to 108.3MPa. Table 3 shows the mean, variance, standard deviation, and coefficient of variation (CV) for each failure criterion. The CV for maximum shear stress criterion, 0.58, is not small. Under bending condition, the maximum shear stress criterion is not appropriate to verify the debonding of patch plate.
(2) Coulomb's yield criterion
Since the Coulomb's yield criterion involves unknown material properties, cohesive of adhesive e c , and frictional angle e φ , more than two points are necessary to provide the failure envelope from the test results. When the failure envelope is described so as to pass through the mean of T specimens , the failure envelope can mostly fit all data as shown in Fig.15 . Figure 15 also includes the failure envelopes corresponding to the maximum and minimum cohesive with the same e φ . As can be seen from the Table 3 , the CV for the Coulomb's yield criterion is the lowest of all failure criteria. That is, the failure envelope based on the Coulomb's yield criterion demonstrates the test results successfully. However, the test results under positive and negative normal stress are required to provide the failure envelope properly.
(3) Principal stress in adhesive
The failure envelopes corresponding to the maximum, mean, and minimum principal stress calculated from Eq.(24) are drawn in Fig.16 . The failure envelope based on the principal stress criterion has similar tendency with all test results. Thus, the CV for principal stress criterion is relatively small. However, the difference between the maximum and minimum principal stress, 48.1MPa, and the standard deviation, 14.5MPa, are not negligibly small. In the verification for debonding with principal stress, the variation in critical principal stresses should be taken into account as a partial safety factor.
(4) Von-Mises stress criterion
The failure envelopes corresponding to the maximum, mean, and minimum von-Mises stress calculated from Eq.(26) are described in Fig.17 . Due to the elliptical shapes of its failure envelope, the failure envelopes do not fit the test results. The CV for von-Mises stress criterion is as much as the maximum shear stress criterion.
(5) Energy release rate criterion
The failure envelopes corresponding to the maximum, mean, and minimum ERR are described in Fig.18 . In the negative region of normal stress, the failure envelope based on ERR criterion only depends on the magnitude of the shear stress in adhesive. However, the shear stresses of C specimens are scattered.
Since the shear and normal stresses are squared in the calculation of ERR, the variations in shear and normal stresses enhance a variation in ERRs. Therefore, quite high standard deviations are computed as 165.2 J/m 2 , which corresponds to 84% of the mean ERR. Note that the standard deviation of ERR should not be directly compared with the other criteria.
As mentioned in Section 3.(6), the ERR criterion has same meaning as Ye's criterion of 16 Failure envelopes corresponding to the maximum, mean, and minimum principal stress. 
The mean, variance, standard deviation, and CV calculated from Eq.(38) are listed in parentheses in Table 3 . The CV calculated from Eq.(38) is the next smallest after the principal stress criterion.
(6) Combined shear and normal stresses criterion
The failure envelope based on the combined shear and normal stress is transformed with the critical shear-to-normal stress ratio α .
As mentioned above, the combined shear and normal stress criterion of 3 1 = α has same meaning as the von-Mises stress criterion and its CV is 0.58. The coefficient of variation for the combined shear and normal stress criterion is constant for any critical shear-to-normal stress ratio α .
According to Hashin's criterion, the critical normal stresses in tension and compression are given differently. The CV for Hashin's criterion is minimized when the critical normal stress in compression is quite higher than the critical normal stress in tension, ∞ ≅ 
FAILURE ENVELOPES WITH REF-ERENCE DATA
A debonding test with different adhesive from the one used in Chapter 4 was conducted by Banno, et al 20) . The adhesive with elastic modulus of 2.6GPa and shear modulus of 1.0GPa were used in the test. The adhesive thickness h was wholly thicker as the mean of 0.9mm. Additionally, the CFRP plate with the elastic modulus of 332GPa was used as the patch plate. The steel base plate with thickness of 12mm and width of 50mm was used. The patch plate with thickness of 2.7mm and width of 50mm was bonded on the tension or compression surface of a bended steel plate. Test setup was the same as mentioned in Chapter 4. Six and five specimens strengthened in the tension and compression surface of the steel substrate, respectively, were tested.
The high-accuracy shear and normal stresses when the debonding happens are plotted in Fig.20 . All failure envelopes are described as the mean of each criterion. The mean of high-accuracy shear and normal stresses for the specimen strengthened in the tension and compression surface of steel substrate are ) 11 18 Failure envelopes corresponding to the maximum, mean, and minimum energy release rate. 
CONCLUSIONS
In this study, the compatibilities of various failure criteria for debonding of patch plate adhered on steel member subjected to bending were examined. The results show that the Coulomb's yield and principal stress criterion achieved small coefficients of variation. By contrast, the maximum shear stress and von-Mises stress criteria were not appropriate for verification of the debonding. The compatibilities of energy release rate and Ye's criteria depended on products of adhesive.
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APPENDIX A MATRIX FOR THE SIM-ULTANEOUS DIFFER-ENTIAL EQUATION
The matrix for simultaneous differential equation of strain in steel member, patch plate, and adhesive, A , is expressed as 
APPENDIX B SURFACE OF DEBONDING CRACK
To observe the surface of debonding crack, the patch plates were peeled off after the test. The adhesives were left on the steel and patch plate. Rough surfaces were observed on the adhesive left on the steel and patch plate, as shown in Fig.21 . Therefore, cohesive failure was expected to occur in the adhesive layer. The amount of adhesive adhered on the steel plate was less than that on the patch plate.
